Prodigiosin is a red pigment characterizing S. marcescens and produced in abundance by the bacterium on peptone-glycerol (PG) agar plates incubated at 30°C. In a PG liquid culture, however, S. marcescens was unable to produce prodigiosin. On addition of silica gel (8.0 mg/ml) to the liquid medium, S. marcescens became able to proliferate better and produced prodigiosin and serrawettins (biosurfactant) profusely. The effect of the silica gel on the production of exolipids was dependent on source (manufacturers). By microscopic examination, sessile bacterial populations were recognized on the silica particles active in the promotion of prodigiosin production, but not on the particles unable to promote the production. Prodigiosin and serrawettins are structurally unrelated but seem to have the same production control systems responding to temperature (T. Matsuyama, et al., J. Gen. Microbiol., 132, 865-875, 1986) and silica gel.
Prodigiosin produced by Serratia marcescens is a wellknown red pigment of microbial origin 14) . Although the original function of this water-insoluble pigment in bacterial life is still unknown, prodigiosin and its relatives have been attracting attention for their unusual biological activities, i.e., the inhibition of vacuolar acidification 13) , T-cell specific immunosuppression 2) and the induction of apoptosis in hematopoietic cancer cells 11) . In S. marcescens, the production of the exolipid pigment 8, 14) is under the control of special environmental factors. That is, the permissive temperature for the production is under 32°C 14) . At 37°C, S. marcescens grows well on a solid agar medium but the colonies are colorless. On the other hand, the production is not prominent even at 30°C on commonly used media such as Luria-Bertani (LB) agar plates. For the development of remarkably pigmented colonies, a peptone-glycerol (PG) agar plate has been recommended 4, 12) . It is, however, interesting that the red pigment is hardly produced at all in a shaking PG liquid culture of S. marcescens even at 30°C. In addition, it is intriguing that serrawettins 7) , another exolipid produced by S. marcescens in a temperature-dependent manner, are also scanty in the PG liquid culture.
For the promotion of bacterial growth and toxin production of Bordetella pertussis, a clathrate compound (b-cyclodextrin) has been reported effective 3) . The effect of b-cyclodextrin on prodigiosin production was, however, weak even at a concentration of 10% (w/v) (M. Yamashita, unpublished data). Some kind of a foothold seemed to be necessary for the production of prodigiosin. So, sterile filter paper (each piece, 5´5 mm) was added to the PG liquid medium. After incubation with shaking at 30°C, the liquid culture tinted red in response to the number of pieces (M. Yamashita, unpublished data). Then, silica gel with its numerous micro-surfaces was examined. The effect of just a small amount of silica gel (8.0 mg/ml) was remarkable; that is, the culture turned dark red after 18-h incubation. The determinative conditions for this and other effects on bacterial ac-tivity including cell growth and production of another exolipid (serrawettins) were examined. 6, 8, 9) . Escherichia coli ATCC 25922 was from Difco Laboratories (Detroit, Mich.). PG liquid medium (pH 7.2) containing 0.5% Bactopeptone and 1.0% glycerol was used. For PG solid medium 1.5% Bactoagar was added.
Materials and Methods

Bacterial
PG liquid medium (5.0 ml) supplemented with a designated amount of silica gel No. V for column chromatography (Nakarai Chemicals, Kyoto, Japan) or silica gel C-200 for column chromatography (Wako Pure Chemical Industries, Osaka, Japan) was autoclaved before use. Bacterial growth was recorded by a Digital Turbidometer (Fuji, Tokyo, Japan) at 660 nm. Viable counts were made by the standard colony counting method.
Prodigiosin and serrawettin
After 18-h incubation with shaking at 30°C, the cultures were examined for red coloring by visual inspection and wetting activity (activity of serrawettins) on a glass slide (Pre-Cleaned Micro Slide Glass, Matsunami, Japan): the spontaneous spreading of an 8 ml droplet of culture 6) . Then, cultures were extracted with an equal volume of chloroform and the dried fraction was dissolved in 1 ml of ethanol. The solution was examined for absorbance at 535 nm to determine the amount of prodigiosin, and for specific spots of prodigiosin, serrawettin W1, W2, or W3 by thin-layer chromatography (TLC). Briefly, a TLC plate (silica gel G, Analtech) spotted with each sample was developed in chloroform-methanol-5 M ammonia (80:25:4, vol/vol), sprayed with 50% (vol/vol) H 2 SO 4 , and heated at 200°C for 20 min hr. The color photograph is accessible at http://wwwsoc.nii.ac.jp/ jsme2/ME/16112.html. Fig. 2 . Prodigiosin production in a PG liquid culture. The effect is dependent on the concentration and source of silica gel. Closed circle, silica gel from Nakarai; closed square, silica gel from Wako. Differences in activity between the two silica gels were observed in more than three experiments. Representative plotted curves are presented.
as described previously 8) . For the identification of serrawettins, purified serrawettin W1, W2, and W3 6, 10) were used as references in TLC.
Results and Discussion
Effect of silica gel on prodigiosin production S. marcescens strain 274 was inoculated onto a PG agar plate, into a PG broth, and into a PG broth containing silica gel, and incubated at 30°C. Since the production of prodigiosin became recognizable after the late log phase as secondary metabolites such as serrawettins appeared 8, 14) , cultivation was carried out for a relatively long time (18 h). As shown in Fig. 1 , the effect of silica gel on the production of red pigment in the liquid culture is marked. Increasing the concentration of silica gel (Fig. 2) , strengthened the effect. In comparison with silica gel from Wako Pure Chemical, silica gel from Nakarai Chemical (of the same particle size) was effective at lower concentrations. Silica gel from Kishida Chemical (Japan) was as effective as that of Nakarai (data not shown). Silica gel (Nakarai) was divided into five classes by mesh filtering and added in equal amounts to PG broth. There was no difference in effect among the classes (mesh, <150, 150-200, 200-250, 250-300, >300). As Wako silica gel needed higher concentration (60 mg/ml) to promote prodigiosin production, the properties of the gel critical to the promotion of prodigiosin production were suggested to be different between the Nakarai and Wako types.
Microscopic view
At a concentration of 8.0 mg/ml, the silica gels from Nakarai and Wako showed contrasting activity in the promotion of prodigiosin production by S. marcescens. Silica particles from the two different liquid cultures (red and colorless) were examined under a microscope. A red dense bacterial mass was observed around silica particles of Nakarai but not silica particles of Wako (Fig. 3) . Thus the bacterial population on silica particles seemed to be engaged in the production of prodigiosin. Sessile and/or crowded conditions for bacteria attached to silica particles may be pref- erable for the production. In comparison with Wako silica gel, Nakarai silica gel seemed to better retain the S. marcescens population on its surface.
Differential effects on cell growth and pigment production
The growth of S. marcescens and E. coli in PG broth was also influenced by the presence (Fig. 4) and source of silica gel. Similar to the case for S. marcescens (Fig. 3) , a denser bacterial mass of E. coli was observed around more active (Nakarai) than less active (Wako) silica gel (data not shown). It is of interest that PG broth filtered (pore size, 0.22 mm) after the treatment with silica gel at 30°C for 18 h retained the ability to promote bacterial growth but lost the ability to induce prodigiosin production (Table 1) . In addition, artificially condensed (by centrifugation) S. marcescens PG cultures (more than 2´10 9 CFU/ml), were almost colorless (data not shown). Thus, simply crowding alone was not sufficient to enhance production. Sessile bacteria on the silica particles in the liquid medium seemed to be necessary for the production.
Effects on production of serrawettins S. marcescens PG liquid culture exhibited strong wetting activity when it was cultivated in the presence of silica gel. So, lipids extracted from the culture were examined for the presence of specific spots of prodigiosin and wetting agents (serrawettins) by TLC. By comparing even-numbered lanes (cultures with silica gel) with odd-numbered lanes (cultures without silica gel) of thin-layer chromatograms in Fig. 5 , enhanced production of prodigiosin and serrawettins in the presence of silica gel is evident. In addition to S. marcescens pigmented strain 274 and NS 38, S. marcescens nonpigmented strain NS 25 (producer of serrawettin W2) and NS 45 (producer of serrawettin W3) also responded to the presence of silica gel by producing serrawettin W2 or W3. Previously 6, 8) , the cultivation of S. marcescens on many PG agar plates was the only way to obtain enough serrawettin for chemical and functional analyses. In the present study, a novel method for the efficient production of biosurfactant (serrawettins) by liquid culture was established. The surface (agar surface or micro-surfaces of silica particles) seems to be the environment for the production of prodigiosin and serrawettins. It is worth noting that serrawettins have been reported as functional exolipids involved in the surface spreading of bacterial populations 7, 9) . In Serratia liquefaciens, serrawettin W2 has been reported as an extracellular product under the control of quorum sensing systems 1, 5) .
Prodigiosin is a tri-pyrrole compound and serrawettins are cyclic lipo-peptides 6, 10) . Thus, the chemical structures of these compounds are quite different. It had been reported that the production of exolipids was both temperature- 8) and occurred in the same extracellular vesicles 8) . Among prodigiosin-deficient mutants, serrawettin-deficient mutants were present with a high incidence (H. Li, Master thesis, Niigata University, 1999, p. 1-109). The participation of temperature-dependent genetic control mechanisms in the production of these exolipids has been suggested by the isolation of temperature-insensitive mutants (M. Baba, Master thesis, Niigata University, 2001, p. 1-118). In the present study, the production of exolipids also occurred in parallel when silica gel was present in the liquid medium. Thus, there seems to be a common regulatory system for the production of these structurally different exolipids.
